We report an experimental demonstration of a strategy for inducing two-dimensional (2D) crystallization of charged nanoparticles on oppositely charged fluid interfaces. This strategy aims to maximize the interfacial adsorption of nanoparticles, and hence their lateral packing density, by utilizing a combination of weakly charged particles and a high surface charge density on the planar interface. In order to test this approach, we investigated the assembly of cowpea mosaic virus (CPMV) on positively charged lipid monolayers at the aqueous solution surface, by means of in situ X-ray scattering measurements at the liquid-vapor interface. The assembly was studied as a function of the solution pH, which was used to vary the charge on CPMV, and of the mole fraction of the cationic lipid in the binary lipid monolayer, which set the interface charge density. The 2D crystallization of CPMV occurred in a narrow pH range just above the particle's isoelectric point, where the particle charge was weakly negative, and only when the cationic-lipid fraction in the monolayer exceeded a threshold. The observed 2D crystals exhibited nearly the same packing density as the densest lattice plane within the known 3D crystals of CPMV. The above electrostatic approach of maximizing interfacial adsorption may provide an efficient route to the crystallization of nanoparticles at aqueous interfaces.
Introduction
Developing the ability to create ordered 2D structures of nanoscale objects is important to fields as diverse as magnetic storage media, 1 photonics, 2 nanoelectronics, 3 and structural biology.
4,5
Among the variety of techniques that are being explored, selfassembly methods [6] [7] [8] are particularly attractive because of the possibility of achieving ordered arrays over large area with feature sizes comparable to particles' dimensions. In selfassembly, liquid interfaces play an essential role because nanoparticles are often synthesized as colloidal dispersions 6, 8 and because the fluid and defect-free nature of liquid surfaces allows the adsorbed nanoparticles to readily attain equilibrium configuration, [9] [10] [11] including 2D crystalline order. 12 Moreover, liquid interfaces can promote self-assembly by modifying the electrostatic inter-particle interactions 13 or through capillary forces.
10,14
Despite these advantages, however, the self-assembly at liquid interfaces has yet to emerge as a widely applicable approach to crystallizing nanoparticles. One major obstacle is that understanding the mechanism of interfacial assembly is often complicated by the interplay between interactions of various origins.
15
Another is that the multi-component nature of typical assembly systems makes it difficult to explore the large parameter space and elucidate the underlying phase behavior. These challenges are especially severe for the assemblies that rely on electrostatic interactions at aqueous interfaces, as described further below.
In the present study, we focus on electrostatics-driven assembly of charged nanoparticles on oppositely charged fluid interfaces, which is relevant to a large majority of water-soluble nanoparticles. Previous proof-of-concept studies demonstrated that electrostatic interactions enhanced the adsorption of charged nanoparticles and biological macroions to oppositely charged Langmuir monolayers at the air-water interface. 16 The utility of this approach is exemplified by its successful application to 2D protein crystallization, 4, 5, [17] [18] [19] which provides a route to the structural analysis of proteins that do not crystallize easily in 3D. 4, 5 In addition, ordered assemblies have been formed by colloids on oppositely charged fluid-phase vesicles 20 and by plant viruses at a liquid-liquid interface 21 and at aqueous interfaces of substrate-supported lipid monolayers. 22 However, identifying general conditions for 2D crystallization has remained a significant challenge. On one hand, these previous studies suggest that substantial screening of the inter-particle repulsion, as can be achieved by using salts, is conducive to ordered assembly. On the other hand, it was also noted 5 that if the salt content of the solution was too high (>$100 mM), very little adsorption of nanoparticles occurred because the interface-particle attractions were highly screened. These findings illustrate that the same experimental parameter can act as an inhibitor or promoter of 2D crystallization. Moreover, disparate sets of experimental conditions have been used to induce crystallization, such as pH, ionic strength, and the presence of multivalent ions or polymers. Therefore, it is not surprising that a unified mechanism or simple rules for electrostatics-driven 2D crystallization have not been revealed.
Here we demonstrate a strategy for ordered 2D assembly that takes advantage of the behavior of weakly charged nanoparticles near an oppositely charged interface. It is well established that a charged planar surface that is in contact with an aqueous solution is accompanied by the condensation of counterions.
23,24
When a pair of large, oppositely charged surfaces come close to each other in solution, their association is favored because of the entropy gain that results from the release of counterions into the bulk. [23] [24] [25] Then, it is reasonable to expect more particles to adsorb to a fluid interface of a given charge density if the charge carried by each particle is less, driven by both the particle's reduced capacity for balancing the interface charge and the weaker electrostatic inter-particle repulsion (Fig. 1A) . The same logic implies that for nanoparticles with given charge, the number of particles adsorbing to a planar interface should increase with increasing interface charge density (Fig. 1A) . Thus, by reducing the particle charge and/or increasing the interface charge density, it may be possible to induce dense lateral packing and 2D ordering of electrostatically bound nanoparticles. By investigating the assembly of cowpea mosaic virus (CPMV) on cationic lipid monolayers as a function of pH and the interface charge density, we show that 2D crystallization occurs in the region of the experimental parameter space where the electrostatic interactions are expected to maximize the particle adsorption.
CPMV was chosen because of its intrinsic monodispersity and the ability to vary its charge through pH. Specifically, CPMV is an icosahedral plant virus with a spherically averaged outer diameter of 28 nm [26] [27] [28] and maintains its structural integrity over a pH range of 3.5-9.0.
11 In aqueous solutions, CPMV is expected to be neutral at the measured isoelectric point of pI ¼ 4.3 AE 0.1 (see ESI, Fig. S1 †), positively charged for pH < pI, and negatively charged for pH > pI, with the magnitude of charge increasing with the difference between pH and pI. The 2D assembly of CPMV was induced by forming a positively charged Langmuir monolayer at the solution-vapor interface (Fig. 1B) that consisted of a mixture of the cationic lipid 1,2-dimyristoyl-3-trimethylammonium-propane (DMTAP) and the neutral lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) in the fluid (''liquid-expanded'') phase. This allowed the interface charge density to be easily controlled through the monolayer composition. Specifically, the average molecular area was fixed at A tot /(N PC + N TAP ) ¼ 70 A 2 per lipid, where A tot denotes the total surface area, and N PC and N TAP represent the number of DMPC and DMTAP molecules spread on the surface, respectively (see Experimental). The monolayer charge density was given by +eN TAP Unlike previous studies on 2D protein crystallization, the present study employed aqueous solutions of relatively low ionic strength (0.1 to 7 mM for 3.5 < pH < 6.5; see ESI, Fig. S2 †) with no multivalent ions or polymeric additives. These simplifying conditions were used to isolate the effects of pH-induced variation in the particle charge on the 2D assembly behavior. The structures of the 2D assembly of lipid-bound CPMV were measured by grazing-incidence small-angle X-ray scattering (GISAXS) and X-ray reflectivity (XR).
Results
The most significant result of the present study is the finding that the 2D crystallization of CPMV occurs in a narrow pH region just above the isoelectric point, where CPMV carries a weak negative charge (Fig. S1 †) , and only above a threshold Fig. 1 (A) Expected dependence of the density of adsorbed particles on the particle charge and the inverse surface charge density on the oppositely charged substrate. (B) A schematic illustrating the assembly of cowpea mosaic virus (CPMV) at the lipid-terminated solution-vapor interface. Fig. 2 Observed 2D assembly behavior of CPMV on a cationic lipid monolayer at the aqueous solution-vapor interface, as a function of solution pH and the mole fraction of DMTAP in the binary DMPC/ DMTAP monolayer. The points at which grazing-incidence small-angle X-ray scattering (GISAXS) measurements were carried out are indicated by diamonds and crosses, where diamonds represent the observation of GISAXS peaks for the 2D crystals of CPMV. monolayer charge density. Fig. 2 summarizes these observations. Fig. 3 shows representative GISAXS data for the pH dependence of CPMV assembly for a lipid monolayer at 50% DMTAP. Distinct assembly behavior is observed in three pH regimes, indicated as I-III in Fig. 2 .
In region I (pH < 4.3), the GISAXS patterns show no evidence for the adsorption of CPMV at the interface, exhibiting only the interfacial diffuse scattering along the surface horizon (Fig. 3A) . Here, q xy and q z represent the in-plane and surface-normal components of the scattering vector, respectively.
In region II (4.4 < pH < 5), the GISAXS data reveal the presence of crystalline structure, displaying a series of Bragg rods that are sharply peaked along the q xy axis and highly extended along the q z axis ( Fig. 3B and C) . Fig. 4A shows that the positions of the Bragg rods are independent of pH. That these peaks arise from a 2D crystalline monolayer of lipid-bound CPMV is confirmed by a close examination of the Bragg rod intensity profiles and XR measurements, as discussed below. In Fig. 5A , the GISAXS intensity along a Bragg rod from CPMV crystals is plotted as a function of q ¼ (q xy 2 + q z
. For comparison, Fig. 5B shows measured small-angle X-ray scattering (SAXS) intensities from bulk solutions of CPMV, which are very similar to the previous SAXS measurements of the CPMV form factor.
27
For both the Bragg-rod profile and the SAXS data at pH 4.0 and 5.5, the separation between the first maximum and the following minimum is Dq z 0.017 A À1 , and that between the first and second maxima is Dq z 0.026 A
À1
. This agreement in the modulation periods indicates that the intensity distribution along Bragg rods is modulated by the CPMV form factor. Consequently, the extent to which the CPMV crystals are correlated normal to the interface cannot be larger than the size of the CPMV particle. Further evidence for the monolayer nature of the CPMV crystals is provided in Fig. 6 , which shows measured XR data from the lipid-coated surface of a pH 4.7 solution without CPMV (solid lines) and with CPMV (circles). The latter data, corresponding to the interface with CPMV crystals, were collected after an incubation period of over 16 h following the injection of CPMV. The data demonstrate that the adsorption of CPMV causes the XR curve to display additional modulations at low q z whose period corresponds to an $300 A thick layer (Fig. 6B) . The agreement between this thickness and the CPMV diameter confirms that only a single layer of CPMV adsorbs at the interface.
In region III (5.1 < pH # 6.5), the GISAXS patterns show no sharp peaks but are instead characterized predominantly by broad, circular ring-like features ( Fig. 3D and E) , which resemble the intensity envelope for the 2D crystal pattern in region II and the CPMV form factor (Fig. 5B ). These observations indicate that for region III, CPMV particles adsorb to the interface, but they form no crystals. However, the existence of a certain degree A À1 indicates a peak due to short-range positional correlations between neighboring CPMVs; the broad feature at q xy z 0.04 A À1 is due to the form factor of CPMV (see Fig. 5B ).
of liquid-like in-plane order 22 is suggested by the observation of a weak q z -extended peak at small q xy ; for example, q xy z 0.014 A À1 at pH 6.5 ( Fig. 3E and 4B ). The corresponding spacing
A is clearly larger than the diameter of CPMV. The broad width (in q xy ) of the weak peak and the absence of higher-order peaks at larger q xy are consistent with short-range positional correlations between adsorbed CPMV particles.
Taken together, the above observations show that at 50% DMTAP, 2D crystals of CPMV are formed only in the narrow pH range of 4.4 < pH < 5. The other experimental parameter, i.e., the mole fraction of the cationic lipid DMTAP in the binary lipid monolayer (Fig. 2) scales linearly with the monolayer charge density. Fig. 7 shows in-plane GISAXS intensity profiles from the CPMV assemblies at pH 4.7 as a function of the DMTAP mole fraction. At 1% DMTAP, there is no evidence of CPMV crystallization. By contrast, at or above 5% DMTAP, multiple diffraction peaks are observed indicating that the lipidbound CPMV have crystallized. The key observation here is that the 2D crystallization of CPMV occurs only above a threshold monolayer charge density.
Within region II (Fig. 2) , the positions of the Bragg rods, and hence the lattice parameters for the observed crystals, are independent of pH and the monolayer charge density (Fig. 4A and 7) . However, the monolayer charge density affects which crystal forms appear (Fig. 7) . Indexing of the observed Bragg peaks (vertical lines and symbols in Fig. 4A and 7) demonstrates that at or above 10% DMTAP, two crystal forms coexist at the interface. The first component, represented by square symbols in Fig. 4A and 7 , is a rectangular 2D lattice. The other component, represented by triangles in Fig. 4A and 7 , consists of a hexagonal lattice. By contrast, for a monolayer with 5% DMTAP, only hexagonal crystals are observed. We first describe the structural characteristics of the rectangular lattice. The unit cell dimensions for the rectangular lattice are a 1 ¼ 312 A and a 2 ¼ 439 A. Most of the strong peaks arising from this crystal form can be accounted for by the assumption of a centered rectangular symmetry (filled squares). However, the data display additional weaker peaks (e.g., at q xy ¼ 0.035 A À1 ) that would be forbidden for the centered rectangular symmetry but are allowed for the non-centered rectangular cell of the same dimensions (open squares). The simplest explanation for the above observation is that the unit cell contains two CPMV particles and that the particle at the center of the unit cell is not strictly equivalent to those at the vertices. The nearest-neighbor (NN) distance of (a 1 2 A and 272 A along the icosahedral particle's threefold axes. 28, 30 Clearly, the CPMV particles are oriented anisotropically within the rectangular lattice. The magnitude of the NN distance further suggests that one of the particle's threefold axes points close to the NN direction.
The observed rectangular 2D lattice is very similar to the (110) plane of the body-centered cubic (bcc) lattice (space group I23), the denser of the two known 3D crystal forms of CPMV. 28, 30 The ratio of the two lattice constants for the rectangular cell (a 2 /a 1 ¼ 1.41) is equal to O2, and the shorter of the two lengths (a 1 ¼ 312 A) agrees well with the cubic lattice parameter of a ¼ 317 A.
28
That the (110) plane represents the plane of highest density for the bcc lattice indicates that the packing in the rectangular 2D crystal is essentially as dense as possible for the CPMV particles. 29, 31 the volume fraction of CPMV is less than 30%, and each particle has only four nearest neighbors. Nevertheless, in this 3D crystal, the particles are separated by an NN distance of 284 A, 29 as in the case of the hexagonal 2D crystal.
The observed structural characteristics of the two crystal forms suggest that the rectangular crystal is the equilibrium phase and the hexagonal crystal is a precursor or metastable form. This inference is also supported by visual comparison of the intensities of the diffraction peaks from the two lattices, which shows that at 10% and 50% DMTAP, the rectangular form is the dominant component of the two coexisting crystal forms ( Fig. 4A and 7) . For these reasons, the observation of higher peak intensities for the hexagonal lattice at 80% DMTAP (Fig. 7) is slightly surprising. However, it should be noted that the adsorption rate of CPMV at the interface is expected to increase with the monolayer charge density. If the time scale for adsorption is much smaller than that required for the optimal alignment of particles at the growing crystal front, crystallization into non-equilibrium forms may be observed.
32
Frequently, the non-equilibrium form is a hexagonally packed array.
4 This is likely the reason for the observation of hexagonal lattice as the dominant component at the highest monolayer-charge density.
Discussion
The above 2D assembly behavior of CPMV reflects the pH-dependent variation in the sign and magnitude of the particle's charge and the corresponding change in the role of electrostatic interactions. For region I (Fig. 2) , the subphase pH is at or below pI, i.e., CPMV is either neutral or positively charged in solution and therefore cannot serve as a macromolecular counterion for the positively charged monolayer. This explains why the interfacial adsorption of CPMV is not observed in region I. On the other hand, for pH > pI, CPMV is negatively charged, and the mechanism of counter-ion release [23] [24] [25] should promote the adsorption of these particles to the cationic lipid monolayer. This interpretation is supported by the above GISAXS evidence for the presence of interface-bound CPMV in regions II and III.
The lack of long-range order in the 2D assembly in region III can be attributed to predominance of the repulsive electrostatic interactions between the interface-bound particles at high pH. As the solution pH is raised above pI, the net negative charge of the CPMV particle is expected to increase. Therefore, the electrostatic inter-particle repulsion should be stronger in region III than in region II. The observation of the relatively large d-spacing to diameter ratio in region III (d/a z 1.6 at pH 6.5) is qualitatively consistent with these expectations. The large d/a ratio and the absence of long-range order likely reflect the longranged nature of the repulsive electrostatic interactions in this pH regime. For the subphase solutions used in region III, we estimate the Debye length k À1 to be only a small fraction of the CPMV diameter (k À1 /a z 0.40 at pH 5, z 0.17 at pH 6; see Fig. S2 †) . Thus, at the observed average spacing of d z 450
A, the electrostatic potential between a pair of interface-bound CPMV is expected to be dominated by the slowly varying dipoledipole repulsion ($1/d 3 ).
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The formation of 2D crystals in region II is consistent with the relatively weak net negative charge that CPMV carries in this pH regime. In region II, the number of interface-bound CPMV should be higher than in region III since more particles are needed to balance the positive surface charge on the lipid monolayer. Moreover, the reduced particle charge should diminish the repulsive electrostatic contribution to the overall inter-particle interactions and therefore enhance the relative importance of other contributions, such as the attractive van der Waals interactions. Both these effects should promote dense lateral packing of lipid-bound CPMV. The existence of a mechanism like this for inducing high lateral packing density is evident from the close-packed structures of the 2D crystals that are formed by CPMV.
Our results further demonstrate that the 2D assembly of CPMV can be tuned by varying the mole fraction of the cationic DMTAP in the binary monolayer. In particular, in region II, the 2D crystallization is induced only above a threshold monolayer charge density. Since the adsorption is expected to increase monotonically with the monolayer charge density, the above observation is consistent with the mechanism of density-driven crystallization.
Ordered 2D assemblies of micron-and nano-scale objects have previously been formed at oppositely charged fluid interfaces.
5,17-21
However, the present work is unique for its demonstration of 2D crystallization at low ionic strength (<1 mM for pH 4.4-5.0, Fig. S2 †) and without relying on the use of multivalent ions or polymers. Furthermore, prior to the present study, the electrostatics-driven 2D crystallization has not been systematically examined as a function of the particle charge (via pH) or the interfacial charge density. Only in a few instances, 18,33 the interface charge density was varied, but coarsely from zero to arbitrarily chosen finite values. In those studies, because the 2D crystallization of charged particles was observed only on oppositely charged fluid interfaces, it was concluded that attractive electrostatic interactions with the interface drove the adsorption of those particles.
Similarly, the effects of pH on the 2D assembly of nanoparticles have not been carefully studied. A majority of the studies were conducted at pH values where the particles were expected to be highly charged. For example, crystallization of proteins was often induced near physiological conditions (i.e., pH z 6-8), where those proteins were strongly charged. [17] [18] [19] 33, 34 In a recent experiment, the assembly of a plant virus 21 was also studied at a pH value far exceeding the particle's pI. The 2D crystallization of these highly charged particles on oppositely charged interfaces was examined only for solutions with high salt concentrations (>$100 mM) that contained multivalent ions [17] [18] [19] 21, 33, 34 and/or polymers.
33
That is, crystallization occurred under conditions where the electrostatic inter-particle repulsion was considerably screened 24 or when the polymers induced inter-particle attraction through depletion forces.
35,36
Despite these trends, however, the difficulties in exploring the vast experimental parameter space have prevented the emergence of general guidelines or simple rules for 2D crystallization.
On the other hand, the 2D crystallization of weakly charged particles (pH z pI) was studied only in two isolated instances, ferritin (pI ¼ 4.5 ref. 37) at pH z 5.0, 33 and a-actinin (pI ¼6.0) over a pH range of 6.0-8.0.
17 Nevertheless, these studies 17,33 also utilized solutions with high ionic strength (>$100 mM), which completely obscured the effects of pH or the particle charge. Specifically, no pH dependence could be observed in the crystallization behavior of a-actinin. 17 For these reasons, a direct comparison between these previous studies and the present work is not possible. It is worth noting that in the study of a-actinin, 17 the high density of interface-bound particles required for crystallization was speculated to arise from a highly asymmetric charge distribution on the particle such that the surface apposing the monolayer had a high and opposite charge to that of the monolayer. Such a mechanism is highly unlikely for CPMV, for which an asymmetric charge distribution is implausible because all the 20 triangular faces of the CPMV icosahedron are expected to have the same charge.
26
Besides the lack of systematic investigation into the effects of key parameters, these previous studies, especially those on protein crystallization, were primarily focused on obtaining highquality 2D crystals for structural analysis and not on understanding the mechanisms by which electrostatics controlled the adsorption and ordered assembly. Therefore, even in the studies where the experimental phase space was explored, the effects of the parameters were discussed in terms of the crystal sizes and the resolution to which the crystals diffracted.
4,5
In contrast to these studies, we have demonstrated a simple and rational approach that promotes the 2D crystallization of charged nanoparticles by maximizing the particle adsorption at the oppositely charged interface. These conditions are achieved when the solution pH is very close to (but not equal to) the particle's pI, i.e., when the particle charge is weak, and only when the interface charge density is sufficiently high. A practical implication of these results is that the number of iterations or screening experiments required for the 2D crystallization of interface-bound nanoparticles can be significantly reduced. Similar experimental guidelines for crystallization conditions for proteins or colloidal particles in bulk solutions have been known for some time. It has been observed that protein crystallization in 3D typically occurs when the second virial coefficient lies in a very narrow region of weakly negative values. [38] [39] [40] At low salt concentrations and in the absence of multivalent ions and polymers, these conditions are met when the particle is weakly charged. 39, 40 To the best of our knowledge, no such prediction rules for 2D crystallization of interface-bound nanoparticles were known prior to the present study. A worthy extension of the current work would be to test the generality of the strategy outlined here by studying the assembly of charged inorganic or biological nano-objects at oppositely charged fluid interfaces.
Experimental
Wild-type CPMV was generated as reported previously. 41, 42 The lipids DMPC and DMTAP were purchased from Avanti Polar Lipids, Inc. All other chemicals were purchased from SigmaAldrich. Aqueous solutions were prepared using ultrapure water (Millipore; 18 MU cm).
All the experiments were performed at 23 C, using the previously described sample cells and preparation procedures.
43
The aqueous subphase contained 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) and its pH was adjusted with NaOH or HCl. The estimated ionic strengths (see ESI †) and the corresponding Debye lengths are plotted as a function of pH in Fig. S2 †. An appropriate volume of a chloroform solution that contained the two lipids at known concentrations was spread at the interface to form a monolayer at a fixed molecular area of 70 A 2 per lipid. Within 20 minutes the surface pressure stabilized in the range of 6-12 mN m À1 , consistent with the fluid-phase monolayer of double-tail lipids. 44 After the monolayer equilibrated, a solution of CPMV was injected into the subphase through the injection port to achieve a final CPMV concentration of 0.015 mg ml
À1
. The samples were allowed to equilibrate for at least 15 h prior to X-ray measurements.
X-Ray experiments were performed at Beamlines X9, X21 (GISAXS), and X22B (XR) of the National Synchrotron Light Source, using set-ups and data collection procedures similar to those described previously. 43 The X-ray wavelengths used were l ¼ 0.855 A (X9), 1.239 A (X21), and 1.517 A (X22B). For GISAXS, a microfocusing mirror was used to set the incident angle to a z 0.7a c , where a c is the critical angle for the air-water interface (a c ¼ 0. 
Conclusion
We have demonstrated a rational approach for electrostatically inducing the 2D crystallization of water-soluble nanoparticles by studying the assembly of CPMV on a positively charged lipid monolayer at the aqueous solution-vapor interface. In particular, the particle-interface and inter-particle electrostatic interactions were varied systematically through the monolayer charge density (via cationic lipid fraction) and the particle charge (via pH), respectively. In order to highlight the effects of these two parameters on 2D crystallization, the assembly was carried out at a relatively low ionic strength and without the help of multivalent ions or polymeric additives, in sharp contrast to typical methods used to crystallize colloids and proteins. Significantly, in situ X-ray scattering measurements reveal that the 2D crystallization of CPMV on the cationic monolayer is achieved only above a threshold monolayer charge density and only in a narrow pH range where the charge on CPMV is weakly negative. That is, 2D crystals form only in the region of the parameter space where the electrostatic interactions maximize the adsorption of CPMV at the interface. Moreover, the indexing of X-ray diffraction peaks indicates that CPMV particles in the observed 2D crystals are as densely packed as in the (110) plane of the body-centered cubic crystal of CPMV in 3D, i.e., the densest lattice plane known for CPMV. The results support that the assembly of weakly charged particles on a highly and oppositely charged aqueous interface is conducive to densitydriven 2D crystallization of water-soluble nanoparticles.
